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Cold storage induces time-dependent F2-isoprostane formation Extended cold storage of kidneys is associated with
in renal tubular cells and rat kidneys. intense vasoconstriction and poor function in the imme-
Background. Previous findings suggest a possible role for diate post-transplant period. Studies implicate a role forfree radicals in cold-storage–associated tissue injury. Because
free radicals in cold-preservation-induced renal injuryfree radical-induced lipid peroxidation catalyzes the cyclooxy-
[1, 2]. Because free radical-induced lipid peroxidationgenase-independent formation of vasoconstrictive F2-isopros-
tanes, the hypothesis that isoprostanes are produced during can catalyze the cyclooxygenase-independent formation
cold storage was tested in this study. of vasoconstrictive prostaglandins, F2-isoprostanes [3],Methods. Total isoprostanes (free and esterified) in renal and because isoprostane levels are increased in oxidanttubular epithelial (LLC-PK1) cells or whole kidneys, subjected
models of renal injury including ischemic acute renalto cold storage, were quantitated employing the gas chromato-
graphic-mass spectroscopic method. LLC-PK1 cells were stored failure [4–7], in this study we examined whether cold
at 48C in a University of Wisconsin (UW) solution for 0, 24, 48, storage of renal tubular (LLC-PK1) cells and rat kidneys
and 72 hours or 48 hours with desferrioxamine (DFO) or the would be associated with excessive F2-isoprostane forma-lazaroid compound 2-methyl aminochroman (2-MAC). In the
tion and whether this could be suppressed with the inclu-rat model, kidneys were perfused and stored for 48 hours in
sion of antioxidants in the preservation solution.the UW solution with or without added DFO or 2-MAC.
Results. Isoprostanes in LLC-PK1 cells increased by fivefold
following 24 hours of cold storage (36 6 2 pg/well to 185 6 6,
mean 6 se, following 24 hours of cold storage, P , 0.0001), METHODS
and the levels continued to increase significantly at 48 and
Cell culture72 hours. DFO and 2-MAC caused significant suppression of
isoprostane formation. Cold storage of the kidneys in UW Experimental protocols. LLC-PK1 cells, an analogue
solution for 48 hours was accompanied by an eightfold increase of proximal tubular epithelial cells, were obtained from
in isoprostanes compared with control kidneys not subjected
the American Type Culture Collection (ATCC, Rock-to cold storage (25.0 6 3.0 vs. 2.9 6 0.1 ng/g, P , 0.0001). The
well, MD, USA). Standard cell culture methods, pre-addition of 2-MAC or DFO to the UW solution was associated
with a near complete suppression of 48-hour cold-induced iso- viously reported in detail, were employed [8].
prostane formation. Cold-induced F2-isoprostane formation in LLC-PK1Conclusion. Our findings provide evidence for the formation cells: Effect of antioxidants. For cold storage experi-of large quantities of antioxidant-suppressible isoprostanes in
ments, Dulbecco’s modified Eagle’s medium (DMEM),kidney cells and whole kidney during cold preservation. Based
on this, it is hypothesized that (a) isoprostanes, which are potent in which cells were grown to confluence, was replaced
renal vasoconstrictors, may contribute to immediate post-trans- by the University of Wisconsin (UW) solution. Cells
plant vasoconstriction and dysfunction in kidneys subjected to were then immediately subjected to cold storage at 48Cextended cold storage, and that (b) the addition of 2-MAC or
for 24, 48, and 72 hours. In additional groups of cellDFO to a UW solution in such circumstances may attenuate
layers, inhibitors of lipid peroxidation such as 2-methylthese alterations partly by suppressing isoprostane formation.
aminochroman (2-MAC) or desferrioxamine (DFO) dis-
solved in normal saline were added to the UW solutionKey words: transplantation, vasoconstrictors, lipid perioxidation, renal
injury, free radicals. just prior to a 48-hour cold storage. DFO limits lipid
peroxidation mainly by chelating iron. 2-MAC, a hybridReceived for publication June 18, 1998
sharing the amino group of 21-aminosteroid and theand in revised form November 16, 1998
Accepted for publication November 20, 1998 chromanol ring of tocopherol, suppresses lipid peroxida-
tion by a mechanism analogous to vitamin E [9–11]. 1999 by the International Society of Nephrology
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Following cold preservation, cells scraped in the superna-
tant were sonicated for 30 seconds and frozen immedi-
ately at 2848C until they were analyzed for isoprostanes.
Prior to sonication, all of the cell-supernatant suspension
received 5 ml per ml of 2% butylated hydroxytoluene
(BHT) to minimize further occurrence of lipid peroxida-
tion during storage or subsequent sample processing. For
controls, that is, cells not subjected to cold storage, cells
were placed in UW solution and immediately processed
as discussed earlier in this article. Because studies were
undertaken in fully confluent cells and experimental con-
ditions had no effect on cellular protein, the isoprostane
values are presented as nanograms per well.
Effect of rewarming of cells on cold-induced isopros-
tane levels. Cells were subjected to cold storage in UW
solution for 24 hours, and afterwards the UW solution
was replaced by DMEM. The cells were then subjected
to a four-hour rewarming at 378C. Isoprostanes were
Fig. 1. Cold-induced isoprostane formation in LLC-PK1 cells storedmeasured in three groups of cells: (a) cells not subjected
in University of Wisconsin (UW) solution and the effect of antioxidants.to cold, (b) cells subjected to 24 hours of cold, and (c) Results are from three experiments performed in duplicate. *P , 0.05
cells subjected to 24 hours of cold plus a 4-hour re- vs. the rest.
warming.
Cold-induced isoprostanes in the rat kidneys: Effect of
antioxidants. The kidneys of male Sprague-Dawley rats
duplicates or triplicates. All data were analyzed by analy-(275 to 300 g) were perfused through the aorta with 48C
sis of variance with correction (Fisher’s PLSD) for multi-UW solution at 5 ml/min for five minutes by a method
ple comparison (StatView computer program; Abacusdescribed in detail previously [12]. The kidneys were
Concepts, Inc., Berkeley, CA, USA). Significance waspreserved at 48C for 48 hours, and then they were stored
set at a P of less than 0.05 level.at 2848C until analyzed for isoprostanes. To test the
effect of antioxidants on cold-induced isoprostanes,
DFO or 2-MAC, dissolved in normal saline, was added RESULTS
fresh to the UW solution used for perfusion in order to
Cold-induced F2-isoprostane formation inobtain a final concentration of 1 mm or 1 mm, respectively.
LLC-PK1 cells: Effect of antioxidantsKidneys, perfused with the UW solution but without any
The storage of renal tubular cells in the cold was ac-cold storage, served as zero-cold controls.
companied by a time-dependent increase in isoprostanes.
Determination of isoprostanes Compared with the isoprostane level of 36 6 2 pg/well
just before cold storage, the levels rose fivefold higherIsoprostanes were initially formed esterified in phos-
with 24 hours of cold storage (185 6 6, P , 0.0001 vs.pholipids, after which they can be released by phospho-
precold). The levels continued to rise significantly at 48lipases. All of the F2-isoprostanes were measured by sub-
hours (230 6 18.9, P , 0.0001 vs. precold and P , 0.02jecting the mixture of cells and supernatant or a
vs. 24-hr cold) and further at 72 hours (277 6 8, P ,homogenate of kidney to base hydrolysis to release ester-
0.0001 vs. precold, P 5 0.0003 vs. 24-hr cold and P ,ified isoprostanes. The total amount of free F2-isopros-
0.02 vs. 48-hr cold; Fig. 1). The inclusion of 250 mm oftanes was then analyzed by gas chromatography mass
DFO or 0.156 mm of the potent Lazaroid compoundspectrometry as described [13].
2-MAC in the UW solution was associated with signifi-
Material supply and statistical methods cant suppression of the 48-hour cold-induced isoprostane
formation (Fig. 1). Suppression was over 50% with DFOAll chemicals were purchased from Sigma (St. Louis,
and was nearly complete with 2-MAC.MO, USA). The radiolabeled compound was from Am-
ersham (Arlington Heights, IL, USA), and cell culture
Effect of rewarming cells on cold-inducedmaterials were from GIBCO (Grand Island, NY) and
isoprostane formationCostar (Costar, MA, USA).
As before, cold storage of cells for 24 hours was associ-Results are presented as the mean 6 sem. For all
ated with a significant increase in isoprostanes comparedcell culture studies, the means were obtained from a
minimum of three separate experiments performed in with cells not subjected to cold storage (31 6 2 vs. 61 6
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The discovery of isoprostanes in 1990 was prompted
in part by the mass-spectrometric observation that stor-
age of plasma at 2208C was associated with the produc-
tion of prostaglandin-F2 (PGF2)-like compounds [14].
These compounds in subsequent studies were found to
be formed by free radical-catalyzed lipid peroxidation
of arachidonyl-containing lipids in plasma and tissue, and,
because of their structural similarity to PGF2a, these
compounds are collectively referred to as isoprostanes
[15, 16]. The biological effects of isoprostane were ex-
plored with one of the synthetically available isoprostanes,
8-epi-PGF2a. Infusion of 8-epi-PGF2a at a low nanomolar
concentration into rat renal artery has been shown to
cause a dose-related reduction in glomerular filtration
rate and renal plasma flow, mainly because of an afferent
arteriolar vasoconstriction that is most likely mediated
through isoprostane-specific vascular receptors [7, 17].
Data from recent experimental and clinical studies
support the suggestion that isoprostanes may play a roleFig. 2. Cold-induced isoprostane formation in the kidneys cold stored
for 48 hours and the effect of antioxidants. Total isoprostanes were in renal vasoconstriction demonstrable in certain experi-
measured in the whole kidney samples (N 5 4 to 5). *P , 0.05 vs. 48 mental models or clinical settings of renal injury [5–7, 18].hours of cold. **P , 0.05 vs. the rest.
Urinary isoprostanes were markedly elevated in patients
with hepatorenal syndrome, and it has been proposed
that elevated isoprostanes play a role in the renal vaso-
constriction found in this syndrome [18]. Prolonged cold6 pg/well, P , 0.006). Rewarming of cold stored cells to
storage of kidneys is another clinical setting that often378C for four hours caused a further increase in isopros-
leads to marked renal vasoconstriction and impaired re-tane levels (71 6 5), but this did not reach statistical
nal function. Based on our findings that cold inducessignificance.
marked production of antioxidant-suppressible isopros-
Cold-induced isoprostanes in rat kidneys: tanes, we hypothesize that higher levels of isoprostanes
Effect of antioxidants following prolonged cold storage may be partly responsi-
ble for the immediate post-transplant vasoconstriction.Compared with the levels of isoprostanes esterified to
The following studies lend some support for our hypoth-the kidneys not subjected to cold storage, the kidneys
esis. Aeba et al showed that the addition of a lazaroidstored in the cold had an eightfold increase in the levels
compound to the storage solution enhances the preserva-of isoprostanes (Fig. 2). The isoprostane levels were
tion of the pulmonary graft in a lung transplant model25.0 6 3.0 in the kidneys subjected to 48 hours of cold
[19]. In a syngeneic renal transplant model, we havestorage versus 2.9 6 0.1 ng/g in the control kidneys not
demonstrated that inclusion of lazaroid compounds withsubjected to cold storage (P , 0.0001). In striking con-
the UW solution during the cold storage of the kidneystrast, the addition of an antioxidant inhibitor of lipid
was accompanied by a better graft function and reducedperoxidation, either 2-MAC or DFO, to the UW was
gene expressions of proinflammatory cytokines, multipleassociated with a near complete suppression of isopros-
histocompatibility complex (MHC) antigens, and induc-tanes. The levels were reduced by threefold from 25.0 6
ible nitric oxide synthase [12]. Although these findings3.0 without antioxidants to 7.2 6 1.7 with 1 mm of 2-MAC
may provide some indirect support for our hypothesis,or to 7.0 6 1.0 with 1 mm of DFO (P , 0.0001 for each
it must be emphasized that the functional significance ofantioxidant vs. without antioxidants).
the cold-induced increased renal isoprostanes in mediat-
ing renal vasoconstriction or dysfunction in the post-
DISCUSSION transplantation period remains to be determined.
Our study demonstrates for the first time, to our Although the UW solution is the most widely used
knowledge, that cold storage of kidneys or its tubular preservation solution, it only affords partial protection
epithelial cells in UW solution is associated with a dra- against cold storage injury. Specifically, lipid peroxida-
matic time-dependent increase in isoprostane formation, tion and cell injuries continue to occur despite the storage
and that such an increase in isoprostanes can be effec- of organs in a UW solution [20–23]. Evans et al found
tively suppressed with the inclusion of 2-MAC or DFO that the UW solution contains traces of catalytically ac-
tive iron capable of inducing lipid peroxidation, andin the storage solution.
Salahudeen et al: Cold storage and isoprostanes1762
8. Salahudeen AK: Role of lipid peroxidation in H2O2-induced renalbased on this fact, we suggest that lipid peroxidation
epithelial (LLC-PK1) cell injury. Am J Physiol 268:F30–F38, 1995catalyzed by iron may be an important step in the forma- 9. Braughler JM, Chase RL, Neff GL, Yonkers PA, Day JS, Hall
ED, Sethy VH, Lahti RA: A new 21-aminosteroid antioxidanttion of isoprostanes [22]. Previous studies have demon-
lacking glucocorticoid activity stimulates adrenocorticotropin se-strated that injury and lipid peroxidation occur during
cretion and blocks arachidonic acid release from mouse pituitary
cold storage, and inclusion of DFO or lazaroid com- tumor (AtT-20) cells. J Pharmacol Exp Ther 244:423–427, 1988
10. Wang C, Salahudeen AK: Cyclosporine nephrotoxicity: Attenua-pounds could limit these alterations [21, 24–27]. Our
tion by an antioxidant-inhibitor of lipid peroxidation in vitro andfindings together with earlier studies thus suggest that
in vivo. Transplantation 58:940–946, 1994
cellular generation of free radicals might be increased 11. Salahudeen AK, Wang C, Kanji VK: Comparative study of the
effect of 21-aminosteroid and alpha-tocopherol on models of acuteat 48C. This is an intriguing notion because cold tempera-
oxidative renal injury. Free Radic Biol Med 21:691–697, 1996ture is associated with reduced cellular metabolic activ-
12. Salahudeen A, Wang C, McDaniel O, Lagoo-Denadyalan S,
ity, and hence, reduced free radical production by a mito- Bigler S, Barber H: Antioxidant lazaroid U-74006F improves
renal function and reduces the expression of cytokines, induciblechondrial source is expected. Studies are required to
nitric oxide synthase, and MHC antigens in a syngeneic renaldetermine the sources and mechanisms of cold-induced
transplant model: Partial support for the response-to-injury hy-
free radical production as well as the specific steps in- pothesis. Transplantation 62:1628–1633, 1996
13. Morrow J, Roberts L II: Mass spectrometric quantification of F2-volved in the formation of cold-induced isoprostanes.
isoprostanes in biological fluids and tissues as a measure of oxidantIn summary, our findings provide strong evidence for stress. Methods Enzymol 300:3–12, 1998
the excessive formation of lipid peroxidation-catalyzed 14. Morrow JD, Harris TM, Roberts LJd: Noncyclooxygenase oxida-
tive formation of a series of novel prostaglandins: Analytical rami-isoprostanes during the cold preservation of whole kid-
fications for measurement of eicosanoids. Anal Biochem 184:1–10,neys and cultured tubular cells. Additional studies are 1990
required to determine the functional significance of cold- 15. Morrow JD, Roberts LJ II: Mass spectrometry of prostanoids:
F2-isoprostanes produced by non-cyclooxygenase free radical-cat-induced isoprostanes in the transplant setting.
alyzed mechanism. Methods Enzymol 233:163–174, 1994
16. Awad JA, Morrow JD, Takahashi K, Roberts LJD: Identification
ACKNOWLEDGMENTS of non-cyclooxygenase-derived prostanoid (F2-isoprostane) metab-
olites in human urine and plasma. J Biol Chem 268:4161–4169, 1993
This collaborative work was supported by grants from Baxter Health 17. Fukunaga M, Makita N, Roberts LJD, Morrow JD, Takahashi
Care Inc., Kidney Care Foundation Inc., and GM 15431 and GM 42056 K, Badr KF: Evidence for the existence of F2-isoprostane recep-
from the National Institutes of Health. This work is dedicated to the tors on rat vascular smooth muscle cells. Am J Physiol 264:C1619–
cherished memory of the late Dr. Mohammed Navaz, M.D., who was C1624, 1993
a participant in this study. The Mississippi Organ Recovery agency 18. Morrow JD, Moore KP, Awad JA, Ravenscraft MD, Marini
provided free supplies of UW solution. G, Badr KF, Williams R, Roberts LJD: Marked overproduction
of non-cyclooxygenase derived prostanoids (F2-isoprostanes) in
Reprint request to Abdulla K. Salahudeen, M.D., Renal Division, the hepatorenal syndrome. J Lipid Med 6:417–420, 1993
Department of Medicine, University of Mississippi Medical Center, 2500 19. Aeba R, Killinger WA, Keenan RJ, Yousem SA, Hamamoto I,
North State Street, Jackson, Mississippi 39216-4505, USA. Hardesty RL, Griffith BP: Lazaroid U74500A as an additive to
E-mail: SalahUSA@aol.com University of Wisconsin solution for pulmonary grafts in the rat
transplant model. J Thorac Cardiovasc Surg 104:1333–1339, 1992
20. Katz SM, Sun S, Schechner RS, Tellis VA, Alt ER, GreensteinREFERENCES
SM: Improved small intestinal preservation after lazaroid U74389G
1. Brass CA, Roberts TG: Hepatic free radical production after cold treatment and cold storage in University of Wisconsin solution.
storage: Kupffer cell-dependent and -independent mechanisms in Transplantation 59:694–698, 1995
rats. Gastroenterology 108:1167–1175, 1995 21. Killinger WA Jr, Dorofi DB, Keagy BA, Johnson G Jr: Im-
2. Green CJ, Healing G, Lunec J, Fuller BJ, Simpkin S: Evidence provement of endothelial cell viability at 4 degrees C by addition
of free-radical-induced damage in rabbit kidneys after simple hypo- of lazaroid U74500A to preservation solutions. Transplantation
thermic preservation and autotransplantation. Transplantation 41: 53:983–986, 1992
161–165, 1986 22. Evans PJ, Tredger JM, Dunne JB, Halliwell B: Catalytic metal
3. Roberts LJ, Morrow JD: The isoprostanes: Novel markers of ions and the loss of reduced glutathione from University of Wiscon-
lipid peroxidation and potential mediators of oxidant injury. Adv sin preservation solution. Transplantation 62:1046–1049, 1996
Prostaglandin Thromboxane Leukot Res 23:219–224, 1995 23. Peters S, Rauen U, Tijen M, Bindels R, Van Os C, De Groot H,
4. Salahudeen A, Badr K, Morrow J, Roberts J II: Hydrogen Wetzels J: Cold preservation of isolated rabbit proximal tubules
peroxide induces 21-aminosteroid-inhibitable F2-isoprostane pro- induces radical-mediated cell injury. Transplantation 65:625–632,
duction and cytolysis in renal tubular epithelial cells. J Am Soc 1998
Nephrol 6:1300–1303, 1995 24. Green CJ, Healing G, Simpkin S, Fuller BJ, Lunec J: Reduced
5. Reckelhoff JF, Kanji V, Racusen LC, Schmidt AM, Yan SD, susceptibility to lipid peroxidation in cold ischemic rabbit kidneys
Marrow J, Roberts LJ II, Salahudeen AK: Vitamin E amelio- after addition of desferrioxamine, mannitol, or uric acid to the
rates enhanced renal lipid peroxidation and accumulation of F2- flush solution. Cryobiology 23:358–365, 1986
isoprostanes in aging kidneys. Am J Physiol 274:R767–R774, 1998 25. Zager RA, Conrad DS: Deferoxamine confers striking protection
6. Salahudeen A, Poovala V, Parry W, Pande R, Kanji V, Ansari against cold storage injury to isolated mouse proximal tubules.
N, Morrow J, Roberts J II: Cisplatin induces N-acetyl cysteine Kidney Int 50:2109–2111, 1996
suppressible F2-isoprostane production and injury in renal tubular 26. Cosenza CA, Cramer DV, Cunneen SA, Tuso PJ, Wang HK,
epithelial cells. J Am Soc Nephrol 9:1448–1455, 1998 Makowka L: Protective effect of the lazaroid U74006F in cold
7. Takahashi K, Nammour TM, Fukunaga M, Ebert J, Morrow ischemia-reperfusion injury of the liver. Hepatology 19:418–425,
JD, Roberts LJD, Hoover RL, Badr KF: Glomerular actions of 1994
a free radical-generated novel prostaglandin, 8-epi-prostaglandin 27. Gower JD, Healing G, Fuller BJ, Simpkin S, Green CJ: Protec-
F2 alpha, in the rat: Evidence for interaction with thromboxane tion against oxidative damage in cold-stored rabbit kidneys by
A2 receptors. J Clin Invest 90:136–141, 1992 desferrioxamine and indomethacin. Cryobiology 26:309–317, 1989
